Abstract. The two RHIC rings have independent rf systems to accommodate different species. Thus, the radio frequencies can differ when the phase and radial loops are closed, and the if frequencies of the two rings are not synchronized. A radio frequency difference leads to longitudinally moving beam crossing points. When the crossing points are between the beam splitting dipoles, the beams experience the beam-beam interaction. Outside the interaction region the beam-beam interaction is switched off. In this way the tune is modulated. A computation of the tune modulation depth, pulse shape and frequency is presented. Tune modulation measurements are shown.
INTRODUCTION
During the early RHIC operation it has been observed that beams with 56 bunches suffer lifetime degradation as soon as the rf phase and radial loops are closed at injection. In Fig. 1 an example for such an observation is shown. Beams are injected with equal radio frequencies in both rings and longitudinal separation [l] . Before the ramp starts the phase and radial loops are closed, which leads to a small difference in the radio frequencies since both rings have independent rf systems. A typical difference is between zero and 100 Hz, while the radio frequency at injection is 28.022 MHz for gold beams. The difference in the radio frequencies results in a longitudinally moving beam crossing point.
When the beam crossing point moves through the interaction region (IR), one beam will experience the field of the other beam when the crossing point is located between the DX beam splitting magnets (see Fig. 2 ). Outside this region the beams are well separated and do not see the fields of the other beam. Thus, the difference in the radio frequencies can lead to a tune modulation.
In the 2001/2002 run a total beam-beam tune spread of A&, = 0.005 was achieved in gold operation with 4 collisions. In proton operation the tune spread reached A&, = 0.01. This tune spread corresponds to the tune modulation depth of small amplitude particles. In the following we compute the tune modulation frequency and wave form taking into account crossing angles. Tune modulation measurements with a phase locked loop (PLL) are presented. 
TUNE MODULATION PARAMETERS
Denoting the two radio frequencies with frf,l and frf,2 and the harmonic number with h, the difference in the revolution time of the two rings is FIGURE 4. The tune shift (black), rms beam size (red) and beam separation (green) with the same parameters as in Fig. 3 , except for the a half crossing angle of 0.22 mrad.
with 6 and 60 bunches respectively. With 60 bunches and the numbers in the examples, one has a tune modulation with the frequency fnlod = 0.9 Hz and a modulation depth of up to a few The modulation depth can thus reach values that are orders of magnitudes larger than modulation depth from power supply ripple. Since the wave form is not sinusoidal, higher tune modulation harmonics are also created.
The effect of tune modulation on the dynamic aperture has been studied with experiments and simulations for the Tevatron [3, 41, SPS [5] , HERA [6, 7 , 81, RHIC [9] and the LHC [lo, 111. A detrimental effect of tune modulation on the dynamic aperture and lifetime was found even with tune modulation depth well below
To avoid the reduction in beam lifetime and dynamic aperture, the RHIC beams were separated vertically by 10 mm during injection and on the ramp [12] . Furthermore, a scheme was implemented to synchronize the two beams during the ramp with proton beams [ 131.
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TUNE MODULATION MEASUREMENTS
Au after 3h store .. Cogged 3 buckets (fully separated longitudinally)
In Figs. 8 and 9 measurements are shown that illustrate tune modulation mechanism. All measurements were done with a phase locked loop (PLL), which allows to measure the tune to better than In Fig. 8 the tune shift is initially measured when the bunches are separated longitudinally, i.e. the crossing point is beyond the DX magnet. The crossing point is then moved in 3 steps until it is at the nominal interaction point. A cogging step by one bucket moves the crossing point by 5 m longitudinally. The tune shift corresponding to the last crossing point is a sign of crossing angles (compare with Fig. 4 ). With beams colliding the tune is depressed through the beam-beam interaction. From the measured beam-beam tune shift the emittance can be inferred since the bunch currents are known.
For Gaussian round beams the beam-beam parameter is
where Nb is the bunch intensity, Y the classical particle radius, and EN the normalized 95% emittance. SUMMARY to a few lop3, the total beam-beam tune shift. Measurements and simulations for existing hadron machines have shown that such conditions are likely to affect the dynamic aperture and beam lifetime severely. This has also been observed in RHIC.
